Abstract-Although legged locomotion for robots has been studied for many years, the research of autonomous wheel legged robotics is much more recent. Robots of this type, also described as hybrid, can take advantage of the energy efficiency of wheeled locomotion while adapting to more difficult terrain with legged locomotion when necessary. The Micro Hydraulic Toolkit (MHT), developed by engineers at Defence R&D Canada -Suffield, is a good example of such a robot.
I. INTRODUCTION
To navigate uneven or unknown terrain autonomously, a mobile robot must have an effective control algorithm, along with the mechanical capability to allow mobile versatility. In the case of defence applications, all-terrain autonomy in robotics is vital to limit the exposure of personnel to injury in a mission and improve reconnaissance efficiency. In terms of mechanical design, hybrid mobile platforms exploit the advantage of the energy efficiency of wheeled motion with the mobile versatility of legged locomotion. However, the hybrid robot concept can often lead to redundant actuation, which significantly complicates the design of a control algorithm. For large robots to be deployed in the field, powerful actuators are usually considered to maximize payload and self-support potential. Thus, hydraulics are often selected due to their large torque output and sturdiness. However, hydraulic actuators do not offer very accurate applied torque measurements due to the constantly changing line pressure of the fluid. This issue prevents accurate torque information from being included in the controller design.
Hybrid robots come in many different configurations, such as exemplified by Walk n' Roll [1] and Wheeleg [2] platforms, which use two front-legged manipulators to pull the platform across terrain, while also having powered wheels at the rear. Another type of hybrid platform is one where the wheels can unfold into legs, as presented by Tadakuma [3] , allowing either walking or rolling separately. Other robot platforms using the capability of switching between motion modes are LEON [4] and Roller-Walker [5] .
An impressive design strategy for hybrid robotic systems uses serial legs with active wheel actuators at each end effector. PAW [6] , WorkPartner [7] , HIT-Hybtor [8] and Hylos [9] use this design methodology to provide versatile terrain navigation at the cost of more complex control algorithms. For instance, WorkPartner and HIT-Hybtor use a task based architecture to coordinate different sets of actuators to perform specific behaviors [7, 8] . Hylos' controller computes the inverse kinematics while tracking a desired posture and trajectory input; this design serves as the basis for the MHT controller.
In this paper, a previously developed control algorithm [9] is applied to the redundantly actuated, hybrid quadruped robot, MHT (shown in Fig. 1 ). The primary objective of this controller is to execute the desired motion and posture of MHT in an effective manner on variable terrain. The applied control method first determines the desired joint rate and then the actuator voltages necessary for MHT to attain a desired posture and trajectory. However, the trajectory control implemented in this paper has no feedback.
Furthermore, an optimization is conducted on-line to define the necessary posture, while attempting to reduce the overall torque and balance the torques occurring at the hips and knees. This optimization solution is implemented for the configuration of MHT when all wheels are on the ground. Somewhat differently in [9] , Hylos' posture optimization process aims to balance the vertical loads at each contact point, based on the slope of the terrain. Finally, a method is proposed in this paper to allow step maneuvers using the inverse kinematics model.
The following section explains MHT's mechanical properties and simulation model. Section III briefly reviews the control strategy used by Hylos, along with the mobility analysis for MHT. Section IV outlines the optimization procedure applied to accommodate uneven terrain and Section V displays the optimization results. Additionally, Section VI introduces the step maneuver controller and shows the stepping results. Finally, Section VII summarizes the paper.
II. MHT MODEL
MHT is a quadruped robot with 12 actuated degrees of freedom consisting of eight hydraulic actuators, each with a 90° range of motion located at the hips and knees and four electric motors driving the wheels. MHT weighs 145.9 kg and measures approximately a meter cubed when in the stance shown in Fig 1. Details on MHT's geometric, inertial and actuator properties can be found in [10] .
MHT's physical system is built and currently located at the Defence R&D Canada -Suffield (DRDC Suffield) in Alberta, Canada. It has been professionally modelled by LMS to create a high-fidelity dynamics model (see Fig.I (b)) to be used as a virtual platform for controller design. Previous work on MHT revolves predominantly around stability and workspace analysis [10, 11] , as well as researching control options [12] . The controller described in this paper operates in Matlab Simulink working in co simulation with the LMS model to produce the presented results. The simulation model accepts ± 10 volt DC voltage signals, which move the position of the solenoid spool valves. The spool valves direct the hydraulic fluid, at system accumulator pressure, to the rotary hydraulic actuators which in tum change the MHT's posture. 
III. CONTROLLER DESIGN
This section addresses the design of the kinematic controller applied to the MHT platform. This controller is based on that developed for Hylos [9] , but has been adjusted to accommodate MHT's kinematics. In particular, the main difference between MHT and Hylos' kinematics is that Hylos has steerable wheels. As shown in Fig. 2 , the controller inputs are separated into two types, posture inputs and trajectory inputs. A proportional control law is applied to the posture and trajectory error to calculate the joint rates required to attain the desired values based on the inverse kinematics of the system.
A. Inverse Kinematics
As shown in the schematic in Fig. 2 
Thus, the posture inputs contain the roll, pitch, height and the horizontal wheel distance in the body-fixed frame (at the geometric center of the chasses). The trajectory inputs contain the X and Y position of the body-fixed frame with respect to the global frame, along with the platform yaw angle. It should be noted that the forward direction for MHT is the platform's x-axis and up is the z-axis.
Based on the inverse kinematics of the robot, the hip, knee and wheel joint rates for each leg can be determined using (5):
The above equation involves the inverse of the modified Jacobian matrix, J�I, the modified locomotion matrix, Lj' and the modified platform twist vector, V P i ' where i is the leg index. As in [9] , the Jacobian and locomotion matrices, and the twist vector have been modified from their standard definitions to include the x position of each wheel, allowing direct control ofMHT's wheelbase.
The output of the inverse kinematics model (see Fig. 2 ) then serves as a set point for the desired joint rates of each individual actuator. The feedback joint rates are obtained from the actuator encoders. The corresponding joint rates are defined in the following form:
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Inverse kinematics where tX i is the lh hip joint rate, P i ' is the lh knee joint rate and (lJj is the lh wheel joint rate. Finally, applying a PD control to the joint rate error, we obtain the voltage inputs to the vehicle as:
The gains used for the PD control, Kp and KD, have been tuned by trial and error in simulation to limit the signal between ± 1 0 volts required by the actuators. The resulting gains maintain high enough voltage values to offer a rapid response while not saturating the actuators.
To date, the controller has been implemented and tested in simulation only and hence, the above voltages are routed to the LMS dynamics model of the vehicle. For the case of the hips and knees, the voltage signal is converted to the angular position of the actuators and for the wheel, it signifies the magnitude and direction of rotation.
B. Mobility of MHT
In calculating MHT's mobility, the kinematic constraints of the system can be set up as follows:
As described in [9] , the matrix A can be formulated from the inverse kinematics model producing the following form:
where J; and L; are the standard form of the Jacobian and locomotion matrices for i = 1,2,3,4.
For a system described by constraints as in (9), the mobility is equal to the number of independent constraint equations defined in (9) . Therefore, a numerical method of determining the mobility of MHT is to disregard the dependent equations of the system and thus evaluate the mobility according to [13] :
It is important to note that the mobility computed as above is subject to change with modifications in MHT's configuration. In applying (11) to MHT, the mobility evaluated is eight for the stance shown in Fig. 1 , while it is computed as seven for any other configuration. Similar phenomenon was noticed by Grand et al. [9] when calculating the mobility for Hylos platform, and this was attributed to a partial internal mobility.
Therefore, based on the calculated mobility, in the majority of postures, MHT's actuation redundancy is equal to five, whereas in its neutral position, its actuation redundancy is four.
IV. OPTIMIZATION
This section outlines an on-line optimization process to calculate the desired posture inputs. First, it is important to describe criteria for the optimal posture that MHT will undertake, whether stationary or while in motion. When considering this problem, an important point to address, considering MHT's size and weight, are the moments acting on the joints. Therefore, the optimization procedure described in this section calculates the ideal posture to minimize the approximate hip and knee actuator moments, which in tum alleviates the stresses on the platform due to gravitational forces. One advantage to minimizing such torques is that this will contribute to a higher payload capacity for the platform. As MHT's envisioned functions are military in nature, an increase in pay load can aid in carrying equipment or even incorporating more technology to aid MHT's tasks.
In formulating the optimization problem, the first assumption is that the motion is quasi-static with negligible accelerations and that frictional forces are considered to have minimal effect. This assumption will cause some error on sloped terrain, as the calculation of torques will not be as accurate; however, this problem will be addressed indirectly in the objective function. In addition, we assume that the terrain is unknown prior to motion, but the wheels remain in contact with the terrain at all times. For the scope of this paper, relatively low-angle sloped terrain is considered (less than 25 degrees with respect to the global frame). Under these circumstances, the horizontal contact forces will have a smaller effect in comparison to the vertical forces occurring at the contacts.
A. Design Variables
The design variables are the robot parameters used within the optimization process and are the basis for the optimal posture solution. The design variables chosen for this procedure are the static moments on each hip and knee actuator caused by MHT's weight; these will contribute eight design variables. Another important design variable is the platform height, z, calculated as an average, relative to the four contact points. The deviation of z from a specified value is minimized to maintain a certain amount of ground clearance to avoid platform contact with the terrain.
B. Objective Function
The objective function to be minimized is expressed in (12):
where KJ, K2 and K3 are the weighting values, z is the height as defined in Section IV A, Zdes is the goal height value, tH; p is the vector of hip torques and tKnee is the vector of knee torques. The result of minimizing this objective function is to move the robot height towards the desired value, while minimizing all the torques occurring at the actuators. Only the assumed vertical loads occurring at each contact point and linkage weights parameterize the torque values for these calculations. Considering the center of mass of the platform will remain nearly equidistant from the front and rear wheels, the vertical contact forces will be assumed constant and equal to one quarter of MHT's total weight. The following equations show how the torques are determined: TK .... i = -Fy,b., +I{nUmTi bu%+I;-mWhul g, ;=1,2,3,4 (13) where Fy is the vertical reaction force at contact point i; and bx and a�, represent the moment arms from the knee and hip joint to the contact point, respectively. The variables mTib i a, mWhee/' mFernur represent the mass of the tibia, wheel assembly and femur, respectively. In addition, l/ n ee and l/ n ee are the moment arms from the knee joint to the tibia and wheel center of mass, respectively, and g is the gravitational constant. Finally, l/ i p, 12H i p and 13H i p are the moment arms from the hip joint to femur, tibia and wheel center of mass, respectively.
The gains selected to weigh the hip and knee torques in 
V. OPTIMIZATION RESULTS
To test the result of applying the optimization procedure described in the previous section, an uneven terrain topology was modelled in LMS. As previously discussed, the goal of the objective function is to minimize the moments acting on each hip and knee actuator, while maintaining a desired height.
Initially, on flat terrain, with the desired height value set to Zdes = 0.35 m, MHT attains the posture shown in Fig. 3 .
As mentioned in Section IV, the calculated moments neglect the horizontal reaction forces, however, the moments caused by the vertical loads constitute the majority of torque, providing a good estimate. The determined torques for hips and knees for the posture in Fig. 3 are approximately 59.9 Nm and 21.23 Nm, respectively. I l tJ =(T1i PTHip)+(T�neeT KneJ (13) As shown in Fig. 7 , the squared norm of the torques is significantly reduced for the optimized solution when compared to the non-optimized result. This confirms the overall reduction on the torque load and, as a side effect, the optimized solution improves the torque distribution among the actuators. 
A.
Step Methodology
The modification for the step controller is similar to the Jacobian and locomotion matrix changes described in [9) . 
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